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Differential Egression of HLA-E, HLA-F, and 
HLA-G Transcripts in Human Tissue 



Xiaohua Wei and Harry T. Orr 



^LltffZ S f 7 ^jistrate that the HLA-G class 1 gene is unique among the 
members of the human class I gtnefamtly m that its expression is restricted to extraembryonic 
tissues during gcstatja^ Furthermore, the pattern of HLA-G-expression in these tissues changes 
«JL" at T Durln \fi rst trim « ter HLA-G is expressed tuithin the placenta and not 

unthm the extravtUous membrane. At term, the pattern of the HLA-G expression is reversed 
extravtUous membrane expresses HLA-G while placenta does not. Another non-HLA-A -B -C 
class 1 gene, HLA-E, is also expressed by extraembryonic tissues. Unlike HLA-G, HLA-E is 
expressed try both placenta and extravtUous membrane at first trimester and at term These 
""ft the tntriguing possibility that the HLA-G-encoded molecule has a role in embryonic 
development andfor the fetal-maternal immune response. 
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INTRODUCTION 

The human major histocompatibility complex (MHC), the HLA complex is a 
geneac region located in the shore arm of chromosome 6. To date, the most 
extensively characterized members .of the HLA class I gene family are the genes 
encoding the major transplantation antigens, HIA-A, -B, and -C. These eenes 
encode highly polymorphic 44-KD heavy chains that are noncovalendy associated 
wth an invariant 12-KD subunit, /^-microglobulin (/3 2 m), at the cell surface [1] 
major transplantation antigens function to present antigens to cytolytic T 
lymphocytes. Cloningand characterization of human class I sequences has resulted 

r? « e WT e r^° n !£S £° n - A ' B > C Ciass 1 S enes > d «ignated HLA-E 
[2,33, HLA-F £4}, and HLA-G £5J. Genomic clones for each have been sequenced 
and found to encode intact HLA ciass 1 heavy chains distinct from eicher HLA- 
* • °* - C - E>NA-mediated gene transfer of HLA-E, -F. and -G into a human 
mutant B-Iymphoblastoid cell line (B-LCL) that no longer expresses its endoge- 
nous HLA-A, -B, and -C antigens resulted in the expression of HLA class I heavy 
chains that could associate with /3 2 m [6]. However, only the protein encoded by 
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the cell n^ra^f^ 

bloc analysis of HLA-I I and RM«J V, heSe °. e P rod ™ mi sh<be gained. Nonhecn 
both genes were expressed IB 4^1 n* ?*" 1 *? ""^ °^ HLA-F indicated tha" 
assays are used co exceS chY^^^^ P»««ioo 
results demonstrate chac among hese^hree „ cT^r »° "f^ The 
s.on of che HLA-G gene is uniquely re«ricc«S 1 to elf ^^l"" ^expres- 
Moreover, che pattern of HLA-G iLrls^ t 1 f"«embryon,c tissues, 
progression of gestation expression in these tissues changes with the 



MATERIALS AND METHODS 

C7! CEM HSB- 

These cells and Ebsiin-B^S^^^ 

fl 1], and FJO C12J were grown i^J^JMI 1640^1 n^? 113 ^ 3 ^ eeU lines 721 
and 5% CO, at 37°C Cell denS5f 1( ? %/etai bovine serum (GIBCO) 

cells/mi. To prepare T^S^lS™"' 11 '* be ™** 0.5 and 1.0 x J# 
heparinized peripheral Wood 3 „oS ™?°™ le ™ «"» ™*e isolated from 
Ficoll-Hypaqueand cuWdln 1% X^ e™ d ?»°" ^ -encrifugacion on 
isolation of cellular RNA RestW T llii^" 011 " 1 (PHA) for 60 hr before 
peripheral blood mononuclear cells leo^F** ™ K P ^ md * P""* of 
column. CUS de P Ie ted of monocytes through a nylonwool 

ment of Laboratory Medicine and P^hoi ^Surgical Pathology of the Depart- 
mental tissue w as obtained "from , nSSSft 8 ^ Umversit r of Minnesota. TeTm 
che Department of ObSS. £T ^ del,Ve " e$ ^carded cissue through 
Extraembryonic tissues ISSSlS^S S^"^* ° f 
from elective pregnancy termination? All r^lff ""newer were obtained 
upon arrival in the laboratory TWs wVri ? ? ™!f? * rocessed immediately 
Phosphate-buffered saline Wlffrf^ ^ ? a ^ vo ^e of cold 

and attached e^UJo^^,^^^^ f^ced from placental 
materiaL Id case of che 10th weekof I«LS^ ° f «« ta «oo and the term 

are enlarged in sue and incrSseS £ "SS VlU ^ d ^f t nt c <> Ae J ecidua basalis 

Fragments dissected from the v Sfi rirf IrZ of rn I sho " inl ^th. 
membrane were labeled as placenta f^ m ! n !■ ' 0th "?f k extraembryonic 
vdh-poor region were labeled as it'r if ra « mencsd "sected from the lOch-weefc 
^ week extravillous membrat ^ villi '™ ^ 10dt 

RNA Isolation. Total cellular RMA 

^ anid ^thioc^ CeI,s and by the 

through a cesium chloride Sh ion ££a * °' Chir ^ in H3J andpelL ed 
on a 1% agarosc min , gfil samples^ degfadatiol 
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FIGURE 1 HLA-E RNA expres- 
sion in human cells and tissues, (A) 
Diagram of the Sp6 antisense RNA 
probe used for detecting HLA-E 
transcript by RNase protection. 
FuIHengrh anrisense HLA-E KNA 
probe was 702 nt in length. Protec- 
tion by HLA-E mRNA yields a frag- 
ment 258 ot in length. (B) J2 P~ 
labeled antisense probe was 
hybridized to 12 fjug of RNA, di- 
gested with ribonucJeases, and sub- 
jected to denaturing poIyacryJamide 
gel electrophoresis (lanes 2*12). 
Lane 13 depicts probe hybridized to 
tRNA alone. Arrows indicate posi- 
tions of the fuJI-length (702-nt) anti- 
sense probe and the 258-nt HLA-E 
protected fragmenr (258 nt). 



antisense RNA probe* hv SP^ p\t4 i /ncnes,s °f L * J c rF uniformly labeled 
removed wkh , DN«5 Z d l^&nZT^ AF ™'l™S™*> che DNA was 
rwice. Twelve micro^am" JZZ^A^Ff^t 5* 

were mixed in 30 pi of buffer cont^^ finl^/ pr ° be (4 * 10$ C ™) 

WES (p H (5.4). and 1.0^*1^7X225 SSTl^ ° A M P** 0 04 
50-C overnight. Digestion was i„iri a rS 1„ »? 5 S?- 10 md »«ubaced ac 
containing 0.01 MTA?S 7^ ft ? Jlr ^ e * ddlC1 ° n of 300 /.I of buffer 

subsequently inactivated by the addition o? «?n ? 1 * C . for 1 hr - Was 
20% SDS and an incubatior a b°C fo 15 LL °^ roc * na f K ™<1 10 /.J of 
extracted, ethanol precipitated ^, and rSuspendedl^f ? T%? hen °" chloroform 
formamide for analysis on 5% denaturing, »Z ed In '^mg buffer containing 80% 
Mspl digest of pBR32 ! fused « ■ s£f ^SWhmide gd electrophoresis. A 

* rf '^ dfied ^ bands 

a 702-1^ ( a SZSer t J % . * A) ^ons^ucted by subdoning 
ing 2 58 
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length antisense HLA-G RNA D rob™ s loio 5 7^F P o y P rot ««°n- Full- 

yields two fragments ^a^^jSrt^, ^Sgi* Pr ? teCOOn b £ xnRNA 
co 12/igofRNA, digested with ribonucS'i I / J ^ led J«obe was hybridized 



according to standard methods [I5J. The HLA-G antisense RNA template (Fie 
2A) was generated by subdoning a 10I9-bp Xbal/BamHI ftSS^SSiSS 
leader sequence and «i region (positions 324-1343 bp, ref^fnco X pSP6 

RESULTS 

~n7 Hi! *^ HLA-G RNA. Analysis of one non-A. B, C HLA class I 

cell HnTanT^^ ^ ° f ^nunJ 

shown in Figs. 1 and 2 resDecrit^v r expression by RNase protection are 
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A B 




HLA-E HLA-G 
FIGURE 3 Sensitivity of rhe HLA-E and ~G RNase protection assays. Sp6 anrisense 
RNA probes for HLA-E (A) and HLA-G (B) were hybridized co serial diiucions of RNA 
from T cells (HLA-E), and term extravillous membrane (HLA-G), digested with ribo- 
nucleases, and subjected to denaturing polyacrylamide gel electrophoresis. Arrows indicate 
the positions of the protected fragments for each gene. 



in resting peripheral blood T lymphocytes. After activation of peripheral blood 
T lymphocytes by PHA, the amount of the HLA-E transcript decreased dramati- 
cally. An intermediate level of HLA-E transcript was detected in RNA from B- 
LCL FJO, B-LCL 721, fetal thymus (22nd week of gestation), GEM, HSB-2, and 
HUT-78. A low level of HLA-E transcript was detected in RNA from liver and 
Molt-4. 

In contrast to HLA-E and -F [4], HLA-G transcript was detectable only in 
RNA isolated from term extravillous membrane (Fig. 2B), and not in RNA from 
all other cell and tissue rypes examined. 

Detection limit of the RNase protection assays. To demonstrate the minimum amount 
of transcript from the HLA-E and -G genes detectable by the RNase protection 
assays, a serial dilution of RNA from the cell line or tissue expressing the high- 
est level of HLA-E and HLA-G transcript was analyzed (Fig. 3A and B). For 
HLA-E, RNA from resting T cells was used. RNA from term extravillous 
membrane was used in the case of HLA-G. A series of threefold dilutions from 
12 to 0.15 £Lg of cellular RNA were performed and each analyzed by RNase 
protection using the HLA-E and -G probes. After a period of exposure simi- 
lar to that used for Figs. 1 and 2, HLA-E transcript was readily detectable * 
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FIGURE 4 Detection of HJLA-E and 
HLA-F transcripts in RNA from cerm 
placenta and term excravitlous mem- 
brane. Full-length antisense RNA 
probes for HLA-E (lanes 1-3) and 
HLA-F (lanes 4-6) were hybridized co 
12 peg of RNA, digested with ribo- 
nudeases, and subjected to denaturing 
polyacrylamide gel electrophoresis. 
" The antisense RNA probe used for de- 
tection of HLA-F transcript was as de- 
scribed previously [4J. Arrows indicate 
the positions of the protected frag- 
ments for each gene. 
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over a 10-fold range, and HLA-G transcript was detectable over a 26-Fold 
range. 

Expression of the non-A,B,C genes in extraembryonic tissues at different times of testa- 
tion. Since HLA-G transcripc was found in RNA from extraembryonic cissue, 
placenta and term extravillous membrane were also examined for expression of 
?£?^ er non - A ' B ' C c,ass 1 Senes, HLA-E and HLA-F. Figure 4 shows that 
RNA from both term placenta, lane .1, and term extravillous membrane, lane 3, 
protected an HLA-E-specifJc fragment of 258 nucleotides (nt). Furthermore, the 
level of HLA-E transcript found in RNA from term placenta and term extravillous 
membrane was comparable to that found in the B-LCL FJO (Fjg. 4, lane 2). In 
contrast, RNA from term placenta and term extravillous membrane* was unable 
to protect the HLA-F-specific fragment of 277 nt, lanes 4 and <S, respectively. 

. To determine if HLA-G and HLA-E expression in extraembryonic tissue 
changes during gestation, RNA from extraembryonic tissues at the 10th and 21st 
week of gestation was compared with RNA from term extraembryonic tissue 
for its ability to protect the HLA-G- and HLA-E-specific fragments. Figure 5 
demonstrates that the ability of placental RNA to protect the HLA-G-specific 
rl ore , d durin SS estat "">- RNA from lOth-weekplaceata protected 

~ LA " G fra g m ent while lOth-weele extravillous membrane RNA did 
not (fig. 5, lanes 1 and 2). Ac the 21sc week of gestacion the 265>-nc HLA-G 
fragment was protected by both placental and extravillous membrane RNA (Fig 

Irl^rJZ i } ' At te -^ M described Previously, the HLA-G fragment wfs 
protected only by extravillous membrane RNA and not by placental RNA (Fig 
5, lanes 5 and 6; F,g. 2, lanes 1 2 and 13). Thus, the expression of HIA-G«a«cri* 
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FIGURE 5 Detection of HLA-G transcript in RNA from 
pJacenra and ewravilious membrane during gestation. S P 6 
antisense UNA probe was hybridized to 12 „ of RNA 
digested WKh nbonucleases. and subjected to denaturing 
polyacrylam.de^I electrophoresis. Arrow indicates posJ 
non of the 269-nt HLA-G protected fragment ~ ' 
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shifts from 
gestation. 

Figure 6 
extravillous 
Thus, HLA 
extraviJJous 
tissues does 



che place,,,* eariy j„ e „ adon ro rte excmvillous membr^e la,e i„ 

not change dramatically during ^sSdon » 
DISCUSSION 

c*e. a pieced' ^STsSTr ^ £& *> 

extraembryonic tissues obtained fr ftm - ?• HLA-G expression, 

Crated the presence of a ZTtecfJZZ? tSS"" J ? dlviduals demon, 

region of HLA-E reSons^ound ro K f°S re * lon of HLA-G and *2 

-C. detection of p«5£S ^ foments of m' 5 ^ P ° Jymor ? hic in HLA " A > ~ B > «d 
individuals strong iXcatfe 

served m nucleotide seauenee c; m : Io „7 ot HLA ' E ™d HLA-G are con- 

sented that the *2 lr^7SmA^ 7 X P f 0te " ion demon- 

Taku i ; ^ lo " or also nonpolymorphic T41 

Table I summaries the results presented inthl prevfous study on HLA-F 
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FIGURE 6 Detection of HLA- 
E RNA transcript in RNA from 
placenta and excraviUous mem- 
brane during gestation. Sp6 anti- 
sense RNA probe was hybridized 
to-6* fL & of RNA. digested with 
nbonucieases, and subjected to 
denaturing poiyacrylamide gel 
electrophoresis (lanes 3-8), 
Arrows indicate positions of the 
702-nt full-length antisense probe 
and the 258-nt HLA-E protected 
fragment. 



expression [4] with those obtained here on the detection of HLA-E and HT A c 

dsiS^I^" 1 ^^ ^ e f e - detectable in RNA from nontymphoid 

T « e . previous study demonstrated a re^ve^-lowTeVeTs iT^^W 2 *- 
gnpt ,„ sk xn RNA and a very low level in RNA foSi^^T^& 

HLA-E iranscript MtMV " ,<>us ""^brane, concuned relative!/ hi e h levels of 

- KNA *» p , aC e 0ca and ex.ra.iLf £££ 
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TABLE 1 Expression of HLA-E, -F, and -G RNA in 
human ceil lines and tissues 



Cell/ tissue 


HLA-E 


HLA-F 


HLA-G 


FJO (B-LCL) 


+ + 


+ 4* 




721 (B-LCL) 


+ + 


+ -f 




Rearing T ceils 


4- + + + 


+ + 




T-blascs (PHA) 


+ + 


+ + 




FecaJ thymus 


+ + 


+ 




Skin 




+. 




Liver 




+ /- 




MoIr-4 (T-LCL) 


+ 






CEM (T-LCL) 


+ + 






HSB-2 (T-LCL) 


+ + 






Hut-78 (T-LCL) - 


+ + 






Extravillous, membrane, 1st trimester 


+ 






Placenta* 1st trimester 


+ 




+ +.+ + 


ExrravUIous membrane, 2nd trimester 


+ + 


+ /- 


+■ + 


Placenta, 2nd trimester 






+ + 


Exrrav/lJous membrane, term 




+ /- 


+ + + + 


Placenta, term 









HLA-G transcripts in placenta and extravillous membrane changes with time of 
gestation. At the earliest time of gestation examined, the 10th week HLA-G 
transcript was found in RNA from placenta and not in RNA from exciSSltow 

brane hS^ A i^- 2I ?S A^r^ *~ Ci ? n bOCh pUCental a ° d Villous mem- 
5^5^ contained HLA-G transcripts. At term, HLA-G transcripts were 
detectable only in RNA from the extravillous membrane. 

An interesting point concerns the cellular sites of HLA-E and HLA-G expres- 
sion within the placenta and extravillous membrane. By using cDNA probef and 
monoclonal antibodies, which were unable to distinguish between the prodi« 
of HLA class I genes both class I transcripts and proteins were detected in 
extravillous cytotrophoblasts at first trimester and at term [16-19]. However £ 
placental villous cytotrophoblasts at first trimester and at term only HLA dais I 
SoKo Furthermore . HLA-G expression has been detection 

tt t boT ^ T t0 A Cr ?P hob,as « « re ™ [20J. .Recently, Kovats et ai. [2 1] demonstrated 
cvSrrn^M tc f n$cn P ts *°* P«*eins were detected in first-trimester villous 
cytotrophoblasc, and were greatly reduced in the third-trimester villous cytotroph- 

sourSofX^ r RMA 3 '7 e C ° n ,, dUde th ^ he P,acental *»™**o"«« are fhe 
lolu of HLA-G RNA detected using RNase protection at first trimester (10th 
week of gestation). It is also likely that in term extravillous membrane fetal 
cytotrophoblasts are the major sites of HLA-G expression 

Conclusions concerning the cellular site of HLA-E expression within extraem- 
bryonic tissue are Jess clear. HLA-E expression has been detected by Northern 
analysis [3 J and RNase protection (this report) in a variety of cell types in addition 

Zr^l ry ° n - C " SSUeS - ThU5 ' k is p ° ssible that HLA " E expression within 
extraembryonic tissue is not restricted to a single cell type. Term placental villous 
cytotrophoblasts are greatly reduced in number [22]. Since the level of HLA-E 
expression remains constant throughout gestation, its expression is not likely to 
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Che maternal immune system ^10 ? C °. sh ^" the fetus Aom recognition by 
ehese cells is consent wiSTsuch^ func^n^ expfeS £ 

Phic MHC class I molecule HLA r J?, ti Ex P resSJOn of the nonpotymor- 
the maternal immune S ys^m S^L rh ^ ^ *' n fetaI re *«'On by 
educated by HLA-G. Others ha^Tcp^d Z 'HLA C^T b ~ b ™ 

somacc cells. An immune surveill^e ,mUC ^ Mlcd ^ orh «ni«eraal 
fecal crophobiast cells play .^ST^teS^?^ "J*™" 1 since 

^^y."ispossiWetohaveaDia«n» wJ dev elopmenc of che embryo 
to have an embryo wid,ou?SJhSSS K^^S^^""^*^ 
h^hly homologous to Hu/T^d .C to S^- 0 primar y » 
prorein molecule has a three-dim^;.? i 1 J ' 1S ,ndlc «« char the HLA-G 
A2 1263. Thus, HLA-G S^W SdSE « ImS^J^ ^ C ° *" 
similar to HLA-A, -B, and -C molecules 1^1 H? A 'A™ * ^ ddei « banner 
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HLA-F Surface Expression on B Cell and Monocyte Cell Lines 
Is Partially Independent from Tapasin and Completely 
Independent from TAP 1 

Ni Lee and Daniel E. Geraghty 2 

In this study we examined HLA-F expression in normal cells and celt lines, with a particular focus on identifying cells that express 
surface protein. While HLA-F protein was expressed in a number of diverse tissues and cell lines, including bladder, skin, and liver 
cell Uues, no surface expression could be detected in the majority of them. However, surface expression was observed on EBV- 
transformcd lymphoblastoid cell lines and on some monocyte cell lines. Expression ou B lymphoblastoid cell lines was observed, 
while no surface expression on normal B celU or on any peripheral blood lymphocytes could be detected. Surface expression 
correlated with the presence of a limited amount of cndoglycosidasc H (Endo B)-rcsistaofc HLA-F. However, clearly not all 
surface-expressed HLA-F was fully glycosylated. W© further examined the requirement of HLA-F surface expression for func- 
tional TAP and tapasin molecules and identified a clear departure from the dependence shown by other class I molecules on TAP- 
In contrast, of the two surface glycosylatiou forms expressed, an Endo H-scnsitivc form was tapasin independent, while an Endo 
H-resistant form was clearly tapasin dependent. Finally, we tested whether HLA-F could be stabilized for surface expression 
without peptide by using the classical cold treatment for surface stabilization of empty class L Of several cell lines tested, only 
MITC deletion mutant 721.221 demonstrated a typical class I phenotype, indicating that control of surface stabilization may have 
a generic basis resident in the MTIC. The Journal o f Immunology y 2003, 171: 5264-527L 



The MHC in humans encodes a number of class 1 genes 
that serve fundamental roles in the acquired and innate 
immune responses. The classical class I pioteins, named 
HLA-A* -B, and -C. biud and present peptide to CTLs and interact 
with receptors on NK Cells to inhibit lytic activity or cytokine 
production (1-3). Intracellular trausport and cell surface expres- 
sion of class I proteins are dependent on the availabilicy of peptides 
within the endoplasmic reticulum (4, 5). Three additional class I 
genes, HLA-E, -F, aud -G, commonly referred to as nonclasssical 
or clans lb genes, htc all highly homologous to the transplantation 
Ag genes. These gene products similarly associate with ^-micro- 
globulin (£,-m) 3 and make up the remainder of the functional 
HLA cJass 1 gene family (6-8). 

Polymorphism among ITLA class I Ags has long been thought of 
as ti hallmark, of* the functional diversity required of these moJc- 
cules (9). While high levels of polymorphism iu HLA class .1 have 
been mamuiined by overdominant selection (10), in contrast, the 
nonclassical class i molecules HLA-E, -F s and -G have been under 
a distinct selective pressure, exhibiting very low levels of allelic 
polymoipliism. These low levels of allelic polymorphism are pre- 
sumably reflected in their respective specialized functions. Tndeed, 
HLA-G has long been thought to be restricted in allelic poJymor- 
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phism due to its expression at the rn sterna l-placcntal interface, 
possibly avoiding an allorcsponsc to paternal HLA-G. This restric- 
tion may limit the abiiiiy ofliLA-G to bind peptide in the placenta 
and thus its ability to present Ag to T cells (11). In addition. 
HLA-G may assume a role interacting with NK inhibitory receptors 
(12, 13) and, alternatively or fn addition, as a substitute to classical 
class I, acting through ILT2 or ILT4 to control inflammatory re- 
sponses and cytotoxicity mediated by myeloruonocytic cells (14> 15). 

Progress understanding the biology of HLA-E has yielded de- 
finitive data about the function of uns molecule. We previously 
showed that the availability of a uonamer peptide derived from 
certain HLA class 1 signal sequences is a necessary requirement 
for the stiibih>.arion of endogenous HLA-E expression on the sur- 
face of 721.221 cells (16). Knowing this, it was possible to impli- 
cate Che CD94/NKG2A complex as an inhibitory receptor recog- 
nizing tins class lb molecule by using as target a .22 1 transfectant 
that selectively expressed surface HLA-E (17, IS), The crystal 
structure of IILA-E demonstrates that the specificity of leader pep- 
tide binding is a structurally defined intrinsic property of HLA-E 
(19). Or* the two allelic forms of HLA-E, there were clear differ- 
ences in the relative affinity for peptide of each heavy chain that 
correlated with and may be explained by differences between their 
thermal stabilities (20). 

The function of HLA-F is unknown, but tissue- and cell-specilic 
mRNA expression has been observed (21), and protein expression 
has largely correlated with that (22, 23). Two studies have reported 
that celt surface expression was not observed in any tissue or cell 
type studied, while a third demonstrated that HLA-F could be 
found on the surface of a subset of cxrravilious trophoblast cells 
that had invaded the maternal decidua ( 1 .1). HLA-F may bind TAP, 
but unlike the classical human class I molecules, it wus nut de- 
tected at the cell surface regardless ofthc availability of TAP (22). 
Although no peptide or ligand binding to HLA-F has been de- 
scribed, through the use of HLA-F tetramer refolded with /3 2 -m, 
bur without peptide ligand, an interaction with 1LT2 and 1LT4 was 
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implicated (23). Whether (his binding is indicative of a functional 
interaction with HLA-F is unclean as similar binding has been 
observed with classical class I and HLA-G (14, 15). 

In this study we used new mAbs reactive with HLA-F to study 
HLA-F expression in normal cells and ceil lines. While HLA-F 
protein was expressed in a number of diverse tissues and cell lines., 
no surface expression was detected in the majority of them- How- 
ever, surface expression was observed on EBV-lmniiformed lym- 
phoblastoid cell lines and on some, but not all, monocyte cell lines. 
This was true even though no surface expression on normal B cells 
or on any peripheral blood lymphocytes could be detected. Surface 
expression correlated with the presence of a limited amount of 
glycosylated HLA-F, although clearly not all the surface-expressed 
HLA-F was fully glycosylated. These studies further examined the 
requirement of HLA-F surface expression for functional TAP and 
tapasin molecules, identifying partial overlap and some clear de- 
parture from the dependence shown by other class I molecules. 
Finally, we tested one measure of the dependence of HLA-F to be 
stabilized for surface expression, finding further differences be- 
tween HLA-F and other class I molecules in this regard. This latter 
feature may have a generic basis resident in the MHC and inde- 
pendent of the HLA-F locus, as MHC deletion mutant cell line 
721.221 demonstrated a more typical class I phenotype. 

Materials and Methods 

Monoclonal Ab production 

HLA-F-Kpccific Abs were generated by immunization of HLA-B27 trans- 
genic mice with 1-LLA-l*" inclusion body-derived heavy chain protein. The 
procedures used were essentially those described pre*iov*s!y for nnti- 
HLA-G and -E Abs (16, 24). Briefly, 100 of HLA-F protein in CFA was 
administrated in each immuni7.acir>n at 3-wlc intervals. One month after the 
fifth immunization, there were three boosts every other duy without adju- 
vant and mouse splenocyles that were fused with FOX -NY myeloma cells. 
Ab-secreting hybridomas were selected by ELISA against IILA-F» and 
cross-reactive Ab-producing hybridomas were eliminated by ELISA 
against recombinant HLA-E, -G, and -A2 proteins. Hybridomas from pos- 
itive wells were subjected to two or three rounds of cloning by J nuked 
dilution. Cross-reactivity wiih other Ml IC class t was further examined by 
Western and FAGS staining using .221 cells transacted with 12 distinct 
HLA-A, -1?, and -C alleles. Subsequent Western and immunoprccipitation 
analysis from a variety of B lymphoblastoid cell lines (B-LCLs) (sec be- 
low) further demonstrated specificity for HLA-F. In addition, P£*L and 
LC'L derived from lhe corresponding individual were obtained from the 
International Histocompatibility Working Group cell and gene bank 
(www.ihwg.org) and were tested in FACS and Western analyses for 
cross-reactivity with other HLA class 1 allotypes. 

Cells and cell lines 

Peripteral blood was obtained from healthy donors, and PBMC were iso- 
lated by Ficof Nflypaquc centrifogation, HBV transformation of PBMC was 
performed according to a standard protocol (25) using virus strain B95-8. 
The B-LCL lines 721.45.1, .134. .221, .221-8*27052, -221-0*0402, 2C2, 
.220. and .220+TPN (4, 16, 26, 27) were maintained in KPMl 1640 me- 
dium supplemented with 10% (v/v) FBS. 2 mM glutamine. and 1 mM 
sodium pyruvate. The amnion lines FL and WISH; bladder line JS2; brain 
line Hs 6S3: colon line CCD- IS Co-5; intestine line FHSM; kidney line 
293; Jiver line Chang Liver: lymphoblasi lines RPMI766G and MOLT-3; 
lymphoma lines U937 and SEES; leukemia line FC562; lung line Cain; pla- 
centa lines JEG, BeWo, and 3A-SubE; skin lines BUD-S and A-431; thy- 
mus line HsG7; pancreas line AsPC-l; and monocyte tines K.MA, 90196B, 
and MD were ail obtained from America Type Culture Collection (Man- 
assas. VA) and cultured according to the product information sheet. 

Expression of recombinant HLA-F protein 

IILA-F pltismid was constructed, and recombinant protein was purified as 
described previously for the production of recombinant HLA-E (20). 
Briefly, the full-length of HLA-F cDNA was prepared from RNA using 
.221 cells by RT-PCR. DNA coding for a ClySer linker and a BirA sub- 
strate peptide (2?) was fused to a cDNA encoding 276 aa of the HLA-F 
heavy chains (excluding the signal sequence) by PGR with the 5' primer 
CG CG CG J AATTC A G 0 A G O A A TTT A A A ATG G G CTCC CA CT C CTTG 
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and the 3' primer G CGC A A G C" I' TT I'A A C G A TG ATTCCA C AC C A TTT 
TCTGTC;CATCCAGAATATGATGCAC}GGATCCCTGCTCCCATCTC 
AGGATGAGGGGCTGG. The underlines contain EcoRl and Hmd\\\ re- 
striction sites, respectively. PGR produces were ligatcd into pHNl vector 
and expressed in Escherichia colt strain UBS. £,-m in pHNl* wns pro- 
vided by D. C. Wiley (Harvard University. Cambridge, MA) and expressed 
in £. colt strain XA90. Both heavy and light chain inclusion bodies were 
isolated from cell pellets and washed repeatedly in detergent, and the re- 
sulting protein was solubilized in urea. 

Immunofluorescence staining and FACS analysis 

mAbs 3D1 1, 4AI I, and 3D 12 were employed in indirect immunofluores- 
cence staining as previously described ( 1 6). Briefly, cells were preincu- 
batcd with saturating concentrations of primary Abs, followed by washing 
and labeling with FlTC-conjugatcd goat F(ab') i anti-mouse lg (BioSource, 
Camarillo. CA). Samples were analyzed on a FACScun eylomeler (BD 
Biosciences. Mountain View, CA). 

Cell .surface bintinylation, immunoprecipiration, and 
endoglycosuiase H (t'tido H) digestion 

For cell surface labeling, PBS-woslied cells were biothwlatcd with sulfo- 
NHS-LC-biotin (Pierce, Rockford, TL; 300 ^g/ml) for 30 min at 4*C. After 
being washed twice with PBS, cells were treated with 50 mM glycine ut 
4°C for 5 mm and washed extensively. Cells were lyscd at 20 X 10° 
cells/ml of lysis buffer containing 10 mM Tris (pi J 7.S). 140 mM NaCL 1% 
Triton X-100, 200 jxM PMSF. 10 /x.g/ml of papstatin. and 14 /zg/ml of 
aprotinin. After incubation on ice for I h, the lysate was centrifligcd at 
11,000 X £ for 20 min, and the supernatant was collected. Cell surface 
proteins were precipitated with 50% strcptavidin-agarose (Pierce) over- 
night at 4°C, The streplavidin-ugurose beads were separated from (he cell 
lysate by centrifugal ion; washed Ave times in 10 mM Tris-HCl (pH 7.5), 
0.05% 3-((3^1u>Lvnidopropyl)diroc!Tiyfnmmom^^ 0.1% 
SDS, and 300 mM NaCl and once in 0.5% Nonidct P-W) in PBS; rcsus- 
pended in Hndo H digestion buffer (100 mM sodium citratc/phosphutc 
(pll 5.5). 0.1% SDS. and 50 mM 2-Mli): and boiled for 5 rnm. 

The remaining; cell lysate was prccleaned extensively with Tg control Ab 
and protein A-Scph.vosc, Following centrifugation, die supernatant was 
adjusted to 0.2% SDS and 1 jxg/ml BSA, and W6/32 at 5 ngtmi (final 
concentration) was added. After continuous mixing at 4°C for 1 h, 50% 
protein A-Sepharose was added at 1 50 u.l/ml and incubated at 4*C for 2 h. 
The immune complex was washed twice in PBS containing 0.1% SDS and 
0.5% BSA; three times with buffer containing 10 mM Na^HPO.,, 0.5% 
Nonidet P-40. 0.5% BSA, and 0.5 M NaCI; and once in 0.5% Nonidet P-40 
in PBS; rcsuspended in lindo K digestion buffer as described above; and 
boiled for 5 min. Endo IT (Glyko. Novato. CA) digestion was conducted 
according to the manufacturer's suggestion. In some experiments cells 
were not surface biotinylatcd; instead, total cell lysate was immunopre- 
cipitatcd with W6/32 and subscquendy digested with Endo H as described 
ubove. Samples derived from 5 X 10 5 cells were separated in 1 1% SDS- 
PAGE gel and examined by Western blot analysis. 

Western blotting and immunodetection 

Cells were lysed* and total cell lysate wus scpuruledon a 10% SDS -PAGE 
gel us described previously (16). Briefly, cells were lysed in 10 mM Tris 
(pll 7.5). NO mM NaCl, 1% Triton X-100, 0.1 mM PMSF, 10 pzJmX 
pepstatin. and 14 fig/ml aprotinin at 20 x 10'Vinl. Lysate from 45 x \(f 
cells was loaded onto each well, and proteins were transferred to nitrocel- 
lulose membrane (S and S; Schleicher & Schucll, Kccnc. NH). HLA-F 
protein was delected by mAb 3DU 7 followed by HRP-iubeled goat anli» 
mouse Igs (BioSource) at 1/5000 dilution iuid visualised with an ECL 
system (AnKKuam Pharmacili Biotech. Arlington Ileighls, IL). I ; or ar»alysis 
of cell surface and internal proteins. IILA-E and -F proteins were detected by 
mAbs 7G3 and 3D 1 1, respectively. 

Results 

HLA-F Abs and protein expression 

Arguably, the most effective strategy toward a complete analysis 
of the nonclassical Ags includes the development of specific 
mAbs. We hud previously succeeded in developing monoclonal^ 
against HLA-E and -F and soluble and membrane-bound forms of 
HLA-G (11, 16, 24) and have continued that progress here. To 
obtain sufficient HLA-F Ag for immunization, we u$ed recombi- 
nant HLA-F synthesized in £ t coli as described in Materials and 
Methods. Our Ab screening method relied <>n an ELISA using 
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W6V32 as capture Ab and refolded recombinant HLA-F as Ag. 
From tins screening we were able to identify three reagents that 
showed specificity when tested in Western analysis and imrnuno- 
preeipitation from LCL .221. These cells expressed only HLA-E 
and -F (29). and it was possible to distinguish the HLA-F 1EF 
pattern given the known and characterized F1LA-E pattern (16). 
The mAv. of HLA-F is lower than those of other classical class I 
and HLA-E due to the absence of exon 7 in the mature transcript 
(21), allowing HLA-F to be distinguished according to its m.w.. 
Specific reactivity with HLA-F was confirmed by isoelectric fo- 
cusing and by m.w. in inununoprecipitation and Western analyses 
using normal LCL. 

The specificity of these reagents for HLA-F and a definition of 
cross-reactivity with other class 1 was further tested in FACS exper- 
iments with B-LCLs and corresponding PBL derived from the same 
donor. In an examination of 20 individuals selected to represent a 
diverse collection of HLA class 1 allotypes, PBL showed, no rcuctivity 
with Abs 3D1 1 or 5E8. Ab 4A11 did, however, appear to react with 
a subset of the HLA-Cw4 alleles (specifically with C*040I , C*0404, 
and C*0405, but not witli C*0403), This cross-veactivity was con- 
finned using 221 transfected with HLA-C*0401. These cross-reac- 
tive Cw4 alleles share with KLA-F a glutamic acid Tcsiduc at position 
49 in the eel domain not found in any other class 1 A, B 7 or C allele. 
In addition, Western analysis of these cell lines using 3D1 .1 or 4AM 
(5h8 did not work in Western analysis) corroborated the FACS re- 
sults, as we were able to distinguish HLA-F from classical class I due 
to its lower m.w.. It should be noted that one of these Abs was used 
(3D 11). and two were described (3D1 1 and 4A1 1) in a recent study 
(II), while 5ES it* first reported hcrc._„ - - - - 

In an aiterjoptlto gain an initial insight toward HLA-F protein 
expression in ilorrnal tissue, wc first luialyTcd a col lection of cells 
and cell line? obtained from American Type Culture Collection 
(Manassas, VA) and derived from a diverse set of tissues by West- 
ern blotting. Fig. 1 itfiows a representative view of this analysis, 
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FIGURE I. HLA-F expression U detected in specific tissue-derived cell 
lines. Shown arc result* of Western blot analysis of cell lysates from rep- 
resentative human cell lines delected with anti-lILA-F reagent 3D1 1. The 
tissue from which the lines were originally derived is indicated ahove the 
lanes. The numbering above each lane corresponds to cell lines as desig- 
nated by American Type Culture Col lection, as follows: I) FL; 2> WISH; 
3) J 82 transitional cell carcinoma: 4) lis 6S3 glioma: S) CCD-IS Co-5; 6) 
MSM; 7) 293 irurisformed by Ad5: S) Chung Liver; 9) CCD-ULu; 10) 
RPMI 7666 transformed by EBV; 11) MOLT-3 T cell leukemia; 12) U937 
T cell lymphoma: 13) KE5 T lymphoblastoid; U) K562 chronic myelog- 
enous leukemia; 15) THPI acute monocytic leukemia; 16) Calu adenocar- 
cinoma 17) JUG choriocarcinoma; 1$) HeWo choriocarcinoma; 19) 3A- 
subE SV40 transtbrmcd: 20) BUD-8; 21 ) A-431 carcinoma; 22) tfs<57; 23) 
AsPC-l adenocarcinoma; and 24) positive control 721.221, 



HLA-F SURFACE EXPRESSION 

demonstrating tissue-specific protein expression essentially in line 
with that previously described for mRNA expression (21). Some of 
these cells were derived directly from the tissue of origin and con- 
stitute lines with a finite life span, while others represent ttimor 
lines derived from the cited tissue (details provided in Materials 
and Methods and from American Type Culture Collection). Some 
differences from other studies were apparent, as exemplified by 
skin cells,, which were found to be positive in our study (Fig. L 
lanes 20 and 21) (22). We do not have an explanation for these 
discrepancies., although they could be cell line specific. The cells 
that tested positive were all further examined for surface expres- 
sion of HLA-F using FACS analysis with labeled Abs 3D 1 1 and 
4A1 1. HLA-F could not be detected on the surface of any of the 
cells analyzed in Fig. 1 regardless of the apparent level of protein 
detected via Western analysis, with the notable exception of B- 
LCL RPM1 7666, which showed positive staining in FACS anal- 
ysis (data not shown), 

ITLA-F h surface expressed on & cell and monocyte cell lines 

It was reported that HLA-F, while expressed in B cells and B cell 
lines, was not surface expressed on cither cell type (22. 23). How- 
ever, because our initial survey of cells had shown positive FACS 
staining with a B-LCL, and since the previous studies had been 
performed using different Abs, we decided to carry out a compar- 
ison of normal peripheral B cells and EBV-transformcd B cell 
lines derived from the same donor using the Abs developed in our 
laboratory. In this regard it is noteworthy that the two Abs used 
here (3D 1 1 and4AJU) have distinct and non overlapping epitopes 
(data not shown), making the pair an eifective combination toward 
confirming our results. 

Our initial Western analysis demonstrated that both cell types 
expressed HLA-F, in agreement with the above-mentioned studies. 
However, while wc did not find HLA-f expressed on the surface 
of peripheral B cells, we did find surface expression on all corre- 
sponding B-LCLs (Fig. 2). Although levels varied depending on 
the LCL examined. * all B-LCL expressed detectable surface 
HLA-F at levels similar to HLA-E. To examine whether surface 
HLA-F was glycosylated in a manner similar to other class i. cells 
were lyscd. class 1 protein was precipitated with pan class I reagent 
W6732, and the resultant material was treated with F.ndo H (Fig. 2 t 
lower panel). For MHC class 1 Endo H resistance is indicative of 
complex formation and transport through the Golgi to the cell sur- 
face (30). This analysis did indeed show a correlation between 
surface expression and the presence of some Endo H- resistant ma- 
terial consistent with that found for other class L including HLA-E. 
This result was consistent with the FACS analysis, which demon- 
strated surface HLA-F expression. However, it should he noted 
that a substantial portion of HLA-F protein detected in this exper- 
iment wa<* of the high mannosc hybrid-type form (tndo H-sensi- 
tive). This was true both because this experiment examined total 
protein and because significant amounts of the Endo H-scnsitive 
form arc surface expressed (see below). 

In a search for other cell types that might express surface 
HLA-F, we screened several lines using FACS analysis and anli- 
HLA-F reagents 3.D11 and 4All in addition to those described 
above. This search yielded three cell lines, each of which had its 
origins as a monocyte-dcrived cell line and expressed surface 
IILA-F at levels similar to that seen for HLA-E (Fig. 34). In these 
cells, surface HLA-F was examined separately from cytoplasmic 
HLA-F by cell surface biorinylation and immunoprccipitation with 
strep tavtd in, showing diat some, but not all, surface IILA-F was in 
an Endo H-rcsistant form. This was in contrast to HLA-E protein, 
where essentially all surface protein was converted into an F.ndo 
H-resistant form, demonstrating die specificity of surface labeling 
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FlCliKE 2. I1LA-F surface expression is detected on EBV-transtbrmcd 
B ceils, but not on peripheral B cells. A, FACS analysis of HLA-F expres- 
sion in 3-LCL cells (Uji cotu/tut) and thciT counterpart peripheral B cells 
(fight column} in pairs derived from each of four individuals was per- 
formed using the HLA-F-spccific mAb$ 4A11 (solid line) and 3D11 
(dashed line). HLA-F expression was examined with 3D 1 2 (doited line). 
Shaded profiles were cells stained with isoiype-mMched control Ab. Initiate 
identifying the individuals from which die cells were derived are present 
within the respective FACS profiles. U, Western blot analysis demonstrat- 
ing thai a portion of the IILA-F protein m normal D-LCLs. but not the class 
l-dcficient line 221* is Hndo H Tcsistant. LCLs .221, TM, and DW LCLs 
were lysed; class 1 protein was precipitated with mAb W6/32, treated (+) 
or untreated (-) with Endo H; and SDS-PAGE was ncrformcd. The Western 
blot on the left was probed with anti-HLA-E mAh 7G3 as indicated to dem- 
onstrate the control for Endo H digestion, and on the r%hU material foom the 
same LCLs was similarly examined for Endo H-rcsfetani HLA-F material 
using anti-HLA-F mAb 3D 11 as indicated beneath the blot. Undigested ma- 
terial at fat fur Uft and right lanes was added for local size comparison. 



(Fig. All rhe cytoplasmic HLA-F and HLA-E protein was in 
an Endo H -sensitive form, as expected for class J that has not 
transported through the Golgi (Fig. 3Q. 

HLA-F surface expression is independent of TAP. bul partially 
dependant on tapasin 

Given that HLA-F resembled other class I proteins with regard to 
surface expression and glycosylation. at lease on B-LCL and 
monocyte cell lines, we undertook a comprehensive examination 
of HLA-F expression on the mutant cell lines that are deficient in 
normal TAP and tapasin fundi on (4. 5). These cells expressed 
endogenous HLA-F, and therefore it was possible to examine them 
directly using the Ab$ described in tilts report. !n addition, they 
expressed endogenous HLA-E and were used to examine HLA-E 
in previous studies (16). providing a useful control for the analysis 
of HLA-F. Whereas HLA-E showed the expected lack of surface 
expression in TAP and tapasiu-ncgativc cells, HLA-F surface ex- 
pression was clearly unperturbed cm the TAP-negative . 134 mutant 
and was only moderately lowered in the tapasin mutant .220 (Fig. 
4,4). Indeed, there was no difference between HLA-F expression 
on parent line 45.1, line .134, or the TAP-restored line 2C2. It was 
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FIGURE 3. HLA-F is expressed on the cell surface of monocyte cell 
lines, and a portion of the surface complex is Endo K resistant. /(, Mono- 
cyte cells wene analyzed for surface expression of HLA-F by FACS anal- 
ysis using inAb 4All (solid lines) and 30 1 1 (dashed lines). Shaded his- 
tograms show lg isolype-raatched control stainings. & and C, Cell surface 
proteins were bio tiny la ted with sulfo-NlfS-LC-biotin as described in Ma- 
terials and Methods. Cells were then lyscd and immunoprccipitatcd with 
strep tuvidtn-ugarosc beads. The avidin-bound immunocomplcxee: {&) and 
the remaining lysatcs (Q were separated and subsequently treated (+) or 
untreated (— ) with Endo H, separated in SDS-PAGE, and analyzed by 
Wesrern blot analysis. HL A-R proteins were detected on a subset of the cell 
lines using mAb 7G3 (left) to demonstrate the control for Endo H digestion. 
IILA-F protein was delected using mAb 3Dl 1 (right) on the same material. 



further apparent that, as expected, all Af-glycosylation of HLA-E in 
mutant celts was in die high niannose hybrid-type oligosaccharide 
(Fis. 4£), and the complexity of glycosyUirion was Tutored when 
TAP was restored in 2C2 cells. However, again in contrast, die 
glycosylaiion levels of HLA-F were unchanged m the TAP-ncg- 
ative line .134 regardless of whether rotal cellular protein or sur- 
face protein was examined (Fig, 4. B and C). 

HLA-F expression did not appear to be independent of tapasin, 
bccau.se a difference in surface HLA-F was apparent when .220 
was compared with the parent line 45.1, the TAP-negative line 
.134. or the TAP-rcstorcd line 2C2, and die reduced surface levels 
of I-ILA-F were restored in a tapasin transfedant of .220 (Fig. 4/f). 
In this case the surface HLA-F lost was apparently all of the com- 
plex-iype or Endo H -resistant glycosylation form. Further, this 
£ndo H-rcsistant form was also restored in the tapasin rrausfectant 
of .220 (Pig. 4, B and Q. All the material in .220 cells was sen- 
sitive to Endo ! 1 regardless of whether total protein or surface- 
label cd protein was examined (Fig, 4 f B and Q. However, despite 
the fact that all the HLA-F was the hybrid-type oligosaccharide, us 
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FIGURE 4, Cell surfzicc expression of HLA-F on B-LCL is independent of the presence of a functional TAP protein and is partially independent of the 
tapasin molecule. A, FACS analysis of surface expression of HLA-F in the TAP-negativo mutant ,134 and LCL 2C2, ihc TAP-pusilive reconstilulion of 
.334 (4). the tapasin-deficicnt cell line .220, and the tapasin-rcstorcd transfcciant of .220 (.220 ^TPN) (27) using mAb 4A1 1 (solid lines). Parent LCL 45.1 
(TAP and tapasin positive) is included far comparison. HLA-E surface expression, which is dependent on TAP and tapasin (16), was detected using mAb 
3D\2 (dotted lines) for comparison. Shaded histograms show staining of Ig isolype-maJched conlrul Ab. IS, Western analysis of untreated (— ) and tndo 
H-trca£cd (+), WC/32-prccipitatcd protein using anti-HLA-E reagent 7G3 and anti-HLA-F reagent 3D11. Tlic same cell lines as in A were examined, with 
lite addition of 721.221 to control for Endo H digestion of sensitive protein. C Surfucc protein labeled with biotin and precipitated with avidin-coatcd beads was 
mn untreated (— ) or was subjected (o Endo II (+) for each of the cell lines described in B and was detected with anti-HLA-F reagenr JDI I in Western analysis. 



found for HLA-E, it should be clearly noted that this phenotype 
was distinct from HLA-E, because some HLA-F protein was still 
expressed on the surface. This result raised the possibility that on 
the cell surface the Endo H -resistant fomi of HLA-F was associated 
with /3Um, while the sensitive form was not It was not possible to 
distinguish the surface and intracellular forms of HLA-F in these 
cells; however, it may be noteworthy that the /3 2 m-ncgativc B cell liuc 
Daudi was devoid of surface HLA-F, although Daudi trans fected with 
was also lacking surface expression (data not shown). 

Stabilization of HLA-F sw face protein is distinct fi'om otlier class I 

One feature of class I protein that is related to its ability to bind 
peptide and a direct measure of its stability without bound ligand 
is the stabilization of surface MHC class T by lower tempentrure 
(30). When TAP-ncgarivc human or murine mutant cell lines are 
cultured at reduced temperature (19-33°C), assembly of heavy 
chfiin and P.-,-rn is promoted and results in a high level of cell 
surface expression of MHC heavy ehain/j3 2 -m complexes that do 
nor present endogenous Ags and are labile at 37*C. This feature is 
common to all class I proteing, including HLA-E. and therefore 
provides a userul point to compare HLA-F expression with other 
class I proteins. Further, this test is one measure of whether HLA-F 
is lacking peptide in cells that express endogenous protein that iy 
not surface expressed. In the present study we grouped cell types 
into three classes that expressed TILA-F protein, lines JS2 or A43 1 
that expressed significant levels of HLA-F intrneellularly, but not 



oil the surface; monocyie-relatcd cell lines; and normal B-LCLs, 
both of the latter expressing HLA-F on the surface. When these 
cells were examined by mcubalion at 26°C, Ko-called cold treat- 
ment, it was apparent that HLA-F expression was unaffected in 
every case (Fig. 5). In no ease did the level of HLA-F surface 
protein increase, and indeed, in some cases there was a slight de- 
crease in expression. This way true despite the fact that HLA-E 
could consistently be stabilized and surface expression levels in- 
creased on these cells in precisely the same experiment, demon- 
strating the effectiveness of the treatment to stabilize class 1. 

During a survey of several cell types for HLA-f surface expres- 
sion and stabilization, we found one exception rliat behaved con- 
sistently with other class I proteins. Deletion mutant line .221 
showed a clear and relatively strong increase in surface HLA-F 
upon cold treatment, while the parent line .144 (hemizygous MHC 
and deficient in HLA-A and surrounding sequences) (31) and the 
grandparent line 45.1 (hemizygous MHC) showed no change upon 
similar treatment (Fig. 6), Again, an examination of HLA-E levels 
in the same experiment controlled for the effectiveness of the cold 
treatment It is interesting to note that .221 is missing the same 
sequences surrounding HLA-A as .144, but is further missing, at 
the least, an extended portion of the MHC around and including the 
HLA-B and -C loci. Given transfectants of .221 that express the 
HLA-B and -C loci, we were able to rule out that this phenotype 
was not simply due to the absence of either of these two class I 
genes (as was the case with HLA-E) (1 6). No differences from -221 
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FIGtlRE 5 hla,F surface expression is down -rented or unaffected by coUl treatment in cells expressing the protein. Detection of HLA-F on the 
surface or cells by flow cytometric analyse was performed using mAb* 4AU and 3D1L HLA-fi was delected using specific mAb 3D12 for comparison 
and as a control for temperature treatment, us previous studies have shown increased surface expression of HLA-E upon eold treatment (16 1 S) Three tvpes 
or cells were examined after normal growth conditions at 37°C ond after treatment at 25*C for 24 h. /J, Monocyte cell lines that express endogenous HLA-K 
7*r* «, • ^^j™ < F *' l) > *> ™«™** «H line, that express surface HLA-F (Fi S . 3); C, B-LO* Above and to the left of each quartet of 
KA.C5 proffl«« indicated the cell name, and widiin each profile is indicated the Ab used tor staining. Cells incubated at 37*C («>Iid lines) and after 
fitment ai .5 C for 24 h (dashed lines) were stained with the indicated m Abs. Overlapping gray profiles and dotted line; are the 37 and 2S*C treated cell-* 
stained with Ig tsotype-matebed control mAbs, respectively. 



were observed when .221-B*270S2 or .221-C*0402 trans rectanls 
were tested for surface stabilization of HLA-F (Fig. G). 

Discussion 

We have examined the expression of HLA-F protein with a par- 
ticular focus on searching for svrrfacc expression and understand- 
ing the mechanisms regulating its cell surface expression. To ac- 
complish this we generated mAbs that specifically react with 
HLA-F and that complement one another in their reactivity. In a 
survey of tissues and cell lines, we found thai HLA-F was ex- 
pressed intraccIJuliirly in a number of cell types, but was not trans- 
ported to the surface in most of these. The rwo exceptions, EDV- 
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FIGURE 6. Class I deletion mutant LCL .221 shows exceptional ex- 
pression of HLA-F aflcrcold treatment. Detection oTHLA-F on the surface 
of ceils by flow cytometric analyst* was performed using mAb MU, 
IILA-E was delected on the same cells using specific mAb 3D 12 us a 
control Tor temperature treatment. The parent line LCL 43. 1 is hcrnizygous 
for the MHO and primary offspring, and deletion mutant .144 (missing 
KLA-A and surrounding region) is a precursor of .221 (missing HT.A-A, 
ULA-D, MLA-C. and some surrounding sequences). Class 1 transplants of 
.221 expressing HLA-B*27052 and HLA-C*0402 were described previ- 
ously (16). Cells incubated at 37°C (solid lines) and after treatment at 25°C 
for 24 h (dashed lines) w C rc trained with the indicated mAbs. Overlapping 
gray profiles and dotted lines are Die 37 und 25*C treated cells Stained with 
Ig wo type-matched control mAbs.. respectively. 



transformed B cell lines and monocyte-derived eell lines, 
expressed HLA-F surface protein at levels comparable to HLA-E. 
Whereas none of the HLA-F protein expressed in deletion mutant 
LCL 72 1.22 1 was converted to the Endo H-rcsi stent form, only a 
portion of the surface HLA-F on normal LCL was glycosylated in 
a manner typical of pep tide-bound HLA class T. This was 3lso true 
of the monocyre-derived cell lines, where some of the surface- 
expressed HLA-F was Endo H resistant, indicating a typical trans- 
port to the ceil surface. *i"hcsc two cell types constituted the fist 
examples of cell lines where HLA-F was surface expressed. 

HLA-F mRNA expression was examined in the original descrip- 
tions of the gene (21, 32), and the results found here agree with 
those with respect to the differential expression of HLA-F in tis- 
sues and cells. Ju general, HLA-F was expressed in B cell lines and 
was not present in T eell lines. Out results were mostly consistent 
with two other studies that examined HLA-F protein expression 
(22, 23), but differed notably with respect to surface expression on 
B cell lines, while neither examined protein expression on the three 
monocyte-derived cell lines reported here. However, at least three 
lines of evidence arc consistent with the findings of surface ex- 
pression we report here. First, the three distinct anti-HLA-F Abs 
wc used gave consistent results in FACS analysis, and two of 
these, 3D1 1 and 4A1 1, gave consistent results in Western analysis 
(the third was not useful m Western analysis). Jn addition, wc 
know That 3D1 1 and 4A1 1 react with distinct epitopes on ilLA-F 
(D. E. Geraghly, unpublished observations), further increasing the 
confidence in these results. A second line of evideuce supporting 
our conclusions is the observation of Endo H-rcsistant HLA-F pro- 
tein coincident with suiface expression on B cell and monocyte 
cell lines, and that this glycosylated form was restricted to the cell 
surface (Figs. 3 and 4). The loss of Endo Il-resistant material co- 
incident with decreased relative surface levels on mutant line .220 
compared with its parent lines presents a third piece of supporting 
evidence foT surface expression of HLA-F on B cell lines. 

While some HLA-F surface protein showed glycosylation pat- 
terns consistent with peptide loading and transport through the 
Golgi, in B-LCLs there was apparently no dependence on TAP for 
surface expression. No decrease in HLA-F surface expression was 
apparent in the TAP-ncgativc LCL .134 compared with cither the 
parent line 45.1 or the TAP-resUired derivative line 2C2. Also, 
Endo H-rcsistant protein was present in all three lines essentially 
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as observed in normal LCLs. It was shown that HLA-F associates 
physically with TAP. which indicated that it may depend on TAP 
for peptide binding (22, 23). This finding was surprising in light of 
the observation thai residues 1 16 and 156 might play a role in 
MI EC class 1 association with TAP (33), while both those residues 
are substantially altered in the HLA-F sequence (21). An expla- 
nation may be indicated by other evidence of one residue in the cr2 
domain of HLA-A2. Residues in the a3 domain have been shown 
to be involved in this association (34-36), and these positions are 
conserved in HLA-F. Regardless of which interpretation is relevant, 
the significance of TAP and ITLA-F association is now in question, 
and the physical observation of this association may only rely on 
conserved residues and not be functionally relevant There is no a 
priori reason to believe thai association of class 1 widi TAP neces- 
sarily indicates a corresponding dependence on TAP For peptide load- 
ing. Arguing from the logical contrary, soluble HLA-G does not as- 
sociate with TAP, yet it depends on TAP for peptide loading (24). 

While no dependence on TAP was observed at least in LCL. it 
was clear that there was some level of tapasin dependence for 
surface expression, as overall surface levels were reduced, and all 
Endo H-resistant material whs absent in tapasin-ncgau've .220. 
This could indicate that of the two forms of HLA-F on the surface, 
the Endo H-rcsistant form is peptide dependent in a manner typical 
of MHC class I. By analogy to other HLA class lb proteins, there 
are two possibilities: I) HLA-F binds a broad array of peptides 
similar ro HLA-G (24); or 2) HLA-F binds a restricted set more in 
analogy to HLA-E (16). In our survey of a large number of cell 
lines for HLA-F surface expression, it was clear that while several 
cell types expressed HLA-F intracellularly, few expressed it on the 
surface. This could indicate that the specific pcpridc(s) required for 
HLA-F surface expression is restricted to a relatively i<mall -set of 
peptide*. Such a restricted peptide-binding site has been proposed tor 
HLA-F based on modeling the structure on other HLA class 1 (37). 

Beyond the novel observation that HLA-F is surface expressed 
on certain cell types is the compelling question of whether this 
expression is dependent upon peptide or other ligand for complex 
stabilization as widi other class I proteins. The fact that surface 
expression of HLA-F is TAP independent does not by itself con- 
tradict the potential for peptide binding. Several examples of the 
efficient assembly of class 1 and peptide in the absence of TAP 
have been described for peptides that are targeted into the endo- 
plasmic reticulum in TAP-in dependent ways as long as tapasin is 
present (3£c. 39), There are many sources of TAP- independent pep- 
tides, and nonpeptide ligands arc certainly not ruled out (39). In- 
deed, then, the ability or HLA-F to bind peptide is supported by the 
absence of complex- type HLA-F on tapasin-negativc culls, so that 
at least this portion of the HLA-F surface protein might be com- 
plexed with peptide. 

It was apparent that in both LCL and monocyte cell lines, two 
distinct forms of HLA-F were present on the surface: a high man- 
nosc hybrid-type form and a form with complex-type iV-glycosyl- 
ation. Although less common, examples of high mannosc glycan- 
bearing proteins on the cell surface have been reported (e.g., CD2 
(40) and the ME20 Ag (4 1 )). and of the two glycosylation sites 
present on the HLA-DRA chain, one is high mannose and one is 
complex type on the surface protein (42). A rationalization for this 
difference is that the mree-dimensional structure of the protein may 
dictate the accessibility of the high rnimnose sugars for further 
glycosylation (43). ff this is true, then the finding of two distinct 
glycosylation forms of HLA-F might suggest that the protein is 
present in two distinct conformations. Since glycosylation is presum- 
ably stabilizing the glycoprotein structures (44), a consequence may 
be a differential in the half-life of the two forms of HLA-F. 
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Post-translacionaJ glycosylation is critical for the biological 
function of many proteins, The distinct HLA-F glycosylation pat- 
terns observed naturally raise the question of whether the two 
forms of HLA-F have distinct functions. Examples of both similar 
and dissimilar functions have been reported. High mannosc struc- 
tures on soluble CD 154 compared with complex -type sCD154 gly- 
coprotein showed no difference m complex formation* ligand bind- 
ing, or function (45). However, changes in die glycosylation of 
CD44 did appear to have important regulatory effects on CD44 
function (46), and the extent of glycosylation of the human pros- 
tacyclin receptor may be important for ligand binding and signal 
transduction (47). Glycosylation of MHC class I is not required for 
recognition by 6 or T cells., and at least for some of die inhibitory 
specificities examined, oligosaccharide is not necessary for activity 
of MHC class .1 and NK celJ inhibitory receptors (48). However, 
intracellular trafficking appears to be significantly affected by 
changes in glycosylation or the lack thereof, as mutant class I 
heavy chains that lack glycosylation sites, show inefficient transit to 
the cell surface. Possibly relevant to HLA-F, high mannose-typc 
glycans, once phosphorylated, can interact with munnosc-6-phos- 
phate receptor* to assist trafficking to the lysosomal compartment 
(49), speculatively in the example of HLA-F, for peptide loading 
there. In addition, CD1 days, an MHC complex class I-likc protein, 
can be surface expressed in vivo in two forms, one Endo H-sen- 
sitive and one Endo H-resistant (50, 51), Further. CD1 days pro- 
ceeds through both intrinsic and extrinsic pathways to complex 
with Ags, the former through the secretory pathway, and the latter 
where GDI days is Gist targeted to the endosomes for Ag loading 
before traveling to the cell surface (52, 53). 

A classic measure of the dependence of MHC class 1 for peptide 
is the ability to stabilize the surface molecule by incubation at 
lower temperatures (JO). Therefore, the inability to stabilize empty 
HLA-F upon cold treatment of cells would argue against peptide 
binding being involved in stabilization of the complex. However, 
tli is latter caveat to peptide binding could be explained by the 
single exception that we found in the MHC deletion mutant .221. 
After testing an extensive panel of cells, wc found that only LCL 
.221 showed up-rcgulation of HLA-F. Therefore. HLA-F ex- 
pressed in this cell line behaved like other class I in being stabi- 
lized despite the fact that HLA-F expressed in parent deletion line 
,144 was not stabilized. The MHC defect of .144 includes the 
HLA-A gene and Surrounding sequences and is shared by .221, 
while .221 has additional deletions of the HLA-B and HLA-C 
genes (29, 31), including some 150 kb of sequences flanking 
HLA-B (D. B. Gcraghty, unpublished observations). Restoration 
of the HLA-B and -C genes into .22 1 did not alter the ability of 
HLA-F to be stabilized by cold treatment, ruling out a direct in- 
volvement of these genes in thisphenoiype. One model for HLA-F 
expression and regulation that might account for these cell-specific 
differences is that a negative inhibitory factor is encoded or regulated 
by a gcne(s) found within the regions specifically deleted in .221. This 
factor is hypothesized to regulate HLA-F protein transport to the cell 
surface, possibly by binding HLA-F and acting as a retention factor. 

It is possible that peptide is bound to one glycosylated HLA-F 
form mid not the other, presumably the Endo H-resistant form 
binding peptide, and that one form is empty or expressed as a free 
heavy chain. Precedent for that has been observed in the HLA-B27 
homodirner expressed ooincidently with HLA-B27 complexed 
with peptide and ft-m on some cells (54), However, the distinct 
forms may instead reflect different pathways in their progression to 
the cell surface, and both pathways could conceivably provide pep- 
tide or other ligand., as is the case with CDld (52, 53). Given the 
cell lines expressing surface HLA-F and specific mAbs, these 
questions may now be more directly addressed. 
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